**Core tip:** Activation of the Tie2 receptor has been shown to be beneficial in different models of disease. Here, we demonstrate that agonistic stimulation of Tie2 *via* the drug-like putative therapeutic termed "vasculotide" (VT) ameliorates outcome in a murine MHC-mismatched kidney transplant model. VT treatment (*i.e*., activation of endothelial Tie2) prevented inflammation and fibrosis thereby preserving graft function. Moreover, single administration at the time of transplantation was also sufficient to prolong survival compared to control group.

INTRODUCTION
============

Graft failure and ultimately graft loss are still major problems in solid organ transplantation. The endothelium hereby plays a pivotal role in mediating inflammation and subsequent organ dysfunction. In general, a healthy endothelium is essential for vascular homeostasis, and preservation of endothelial cell (EC) function is critical for maintaining transplant allograft function. Damage to the microvascular ECs is a characteristic feature of acute vascular rejection, an important predictor of later graft function and loss\[[@B1]\]. Innovative therapeutic strategies preventing IRI and maintaining stable renal function are highly desirable.

The angiopoietin (Angpt)/Tie2 system consists of the transmembrane endothelial tyrosine kinase Tie2 and its four circulating ligands (Angpt1-4)\[[@B2]-[@B5]\]. This system regulates baseline endothelial barrier function and its response to injury\[[@B6],[@B7]\]. Previous work has shown that the balance between the Tie2 agonist (Angpt-1) and the antagonist (Angpt-2) controls Tie2 phosphorylation\[[@B6]\]. Angpt-1 which is mainly secreted by pericytes binds Tie2 as a natural agonist thereby promoting vascular quiescence\[[@B8]\]. Canonical downstream effects of Tie2 signaling are activation of PI3K/Akt\[[@B9],[@B10]\], inhibition of the inflammatory transcription factor NFκB\[[@B11]\] and consecutive control of adhesion molecule expression\[[@B12]\] as well as cytoskeletal regulation *via* the scaffolding protein IQGAP1\[[@B13]\]. All together Tie2 activation promotes an anti-inflammatory, pro-survival, and anti-permeability phenotype of the vasculature. In contrast, Angpt-2 which is released from ECs upon pro-inflammatory stimuli inhibits Tie2 phosphorylation and consequently disrupts protective Tie2 signaling\[[@B14]\].

Few data indicate a beneficial role of Tie2 activation in solid organ transplantation. In kidney transplant recipients, it has been shown that increased Angpt-2 levels (the natural Tie2 antagonist) correlate with mortality indicating that a dysbalanced Angpt/Tie2 system might be unfavorable in renal transplantation\[[@B15]\]. Interestingly, it has very recently been demonstrated that a chimeric Angpt-1 mimetic, termed COMP-Ang1, is able to reduce endothelial permeability and inflammation in a murine heart transplantation model\[[@B16]\].

Vasculotide (VT) - a PEGylated synthetic Tie2 agonistic peptide (CHHHRHSF) - has proven its potency to activate Tie2 *in vivo* even stronger and longer than its natural ligand Angpt-1. The therapeutic use of VT was first described in a murine diabetes model where it improved wound healing\[[@B17]\]. Additionally, we and others have shown that VT can reduce vascular leakage and endothelial inflammation in different murine models of acute systemic inflammation\[[@B18]-[@B21]\].

Given the beneficial properties of Tie2 activation on multiple levels of intracellular signaling with clinically relevant functional effects, we hypothesized that exogenous manipulation of the Angpt/Tie2 system might be protective in transplantation. To test this, we exogenously activated the Tie2 receptor with VT. The aim of our study was to investigate the potential beneficial effects of VT treatment in a murine kidney transplant model on graft function. We analyzed inflammation, fibrous tissue deposition, renal function and overall survival to better understand if Tie2 activation might improve outcome after transplantation.

MATERIALS AND METHODS
=====================

Mouse studies and experimental design
-------------------------------------

All experiments were approved by the local authorities and conducted in accordance with institutional and governmental guidelines. Mice were housed in a room with 12 h day/night cycle, constant temperature and humidity as well as water and food ad libitum. All appropriate measures were taken to minimize pain or discomfort. Eight-week-old male C57Bl/6 or Balb/c mice were purchased from Charles River Laboratories (Sulzfeld, Germany). Briefly, kidneys from C57Bl/6 male (donor) were transplanted into Balb/c female (recipient) (*n* = 23). Donor mice received 500 ng VT (*n* = 11) or vehicle (PBS) (*n* = 11) intraperitoneally (*i.p*.) 1h prior to surgery. Recipients were injected with 500 ng VT or vehicle directly and on day 3 after kidney transplantation *i.p*.. Dosage of VT was carefully adjusted before\[[@B18]\]. Mice were anesthetized with isofluorane and the donor kidney, ureter, and bladder were harvested en block, including the renal artery with a small aortic cuff and the renal vein. Cold ischemia time is 60, and warm ischemia time 30 min. After explantation, kidneys are stored in vehicle solution at 4 °C for 60 min. These ischemia times induce a moderate degree of ischemia-reperfusion injury (IRI) in this model. After left nephrectomy of the recipient, vascular cuff and vein are anastomosed to the recipient abdominal aorta and vena cava, respectively, below the level of the native renal vessels. The ureter is directly anastomosed into the bladder. A second dose of VT or vehicle was administered systemically (*i.v*.) 30 min post-transplantation. The right native kidney was removed on post-transplantation day 4 so that survival becomes graft dependent. Within a given experiments/analysis, we only used samples from single mice. We did not pool samples to increase protein amounts. Blood was taken on days 0, 6, 14, 21 and 28. Survivors were sacrificed 28 d after transplantation for further analysis. Renal function was estimated by serum lactate dehydrogenase (LDH), creatinine and urea measurements (Olympus).

Antibodies and reagents
-----------------------

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. GR-1 (AbD Serotec, MCA7716), F4/80 (Biolegend, 122602), Alexa Fluor 555 (Life Technologies), intercellular adhesion molecule (ICAM-1) (M-19) (Santa Cruz, sc-1511), α-smooth muscle actin (αSMA) (Abcam, ab7817) and pSMAD3 (Cell Signaling, C25A9) were utilized for immunoblot or immunohistochemistry. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (FL-335) (Santa Cruz, 25778) served as loading control for immunoblots.

Immunoblotting
--------------

Protein was extracted by using RIPA buffer \[including 1 mmol/L Na3VO4, 50 mmol/L NaF, protease inhibitors (Roche Diagnostics, Mannheim, Germany)\] and resolved with a 10% polyacrylamide gel, followed by blotting on a polyvinylidene fluoride membrane (Merck Millipore, Darmstadt, Germany). Membranes were blocked with 3% bovine serum albumin and incubated with a primary antibody overnight (4 °C). Incubation with the second antibody was performed for 1 h at room temperature. All washing steps were carried out in TBST \[20 mmol/L Tris, 150 mmol/L NaCl, 0.1% Tween20 (Merck)\]. Bands were visualized with SuperSignal™ West Pico Chemiluminescent Substrate (Life Technologies) and Versa Doc Imaging System Modell 3000 (BioRad).

Immunohistochemistry
--------------------

Ice-cold acetone-fixed cryosections (6 μm) were blocked with 10% donkey serum (Dianova) and stained with primary antibodies against ICAM-1. Paraformaldehyde-fixed (Merck, Darmstadt, Germany) and paraffin-embedded tissue sections (1.5 μm) were dehydrated and rehydrated with ascending and descending ethanol series including deparaffinising with Histoclear (Biozym, Hessisch Oldendorf, Germany). After blocking with 10% donkey serum, paraffin sections were stained with primary and a secondary antibody. Mounting was accomplished with VectaShield DAPI (Vector Laboratories Inc., Burlingame, CA).

Periodic acid Schiff and sirius red staining
--------------------------------------------

Paraffin-embedded sections were prepared as described above. Periodic acid Schiff staining was performed with periodic acid (0.5%) (Merck), Schiff's reagent (Merck) and hematoxylin (Fluka). For Sirius red staining, sections were treated with 0.2% phosphomolybdic acid, 0.1% Sirius red in 3% picric acid, 0.01 mol/L HCl, 70% and 100% ethanol in the order specified.

Quantitative real-time polymerase chain reaction
------------------------------------------------

Total RNA was extracted from murine kidneys using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Equal amounts of total RNA were reverse transcribed with the Transcriptor First Strand cDNA Synthesis kit from Roche Diagnostics. Real-time-quantitative polymerase chain reaction (RT-qPCR) was performed by a LightCycler 480 II (Roche). Triplicate RT-qPCR analyses were executed for each sample, and the obtained threshold cycle values (CT) were averaged. Gene expression was normalized to the expression of the housekeeping gene, yielding the ∆CT value.

Statistical analysis
--------------------

Statistical significance was assessed by independent samples and unpaired *t* test as well as Mann-Whitney test as indicated. Survival data were analyzed by Log-Rank test. All experimental results are presented as mean ± SEM or median and a two-tailed *P* value of less than 0.05 was considered to be statistical significant. Analysis and graph generation were performed in GraphPad Prism 6.0 (La Jolla, CA).

RESULTS
=======

VT improves renal transplant function and survival
--------------------------------------------------

Given the beneficial properties of Tie2 activation on the endothelial function, we hypothesized that early exogenous activation of Tie2 might also be beneficial in long-term transplant function. Therefore, we established an MHC-incompatible murine kidney transplant model\[[@B22]\] and treated the mice with 2 doses of VT or vehicle control. Serial blood measurements after transplantation (day 3, 6, 14, 21, 28) showed that renal function was indeed slightly improved upon VT treatment at early time points (serum creatinine vehicle-treated (*n* = 8): 142 ± 17 μmol/L *vs* VT-treated (*n* = 9): 94 ± 23 µmol/L, *P* = 0.12; urea level vehicle-treated (*n* = 8): 76 ± 5 mmol/L *vs* VT-treated (*n* = 10): 60 ± 8 mmol/L, *P* = 0.13 using unpaired *t* test) was observed on day 6 (Figure [1A](#F1){ref-type="fig"} and B). LDH as a broad surrogate marker for cell death showed a similar trend in vehicle-treated animals compared to the VT group potentially indicating that VT might reduce apoptosis/necrosis \[vehicle-treated (*n* = 7): 1288 ± 383 iU *vs* VT-treated (*n* = 8): 870 ± 275 iU, *P* = 0.38 using unpaired *t* test\] (Figure [1C](#F1){ref-type="fig"}). Additionally, we analyzed survival after transplantation and observed a trend towards improved survival in VT- compared to vehicle-treated mice (27% *vs* 54%, *P* = 0.24, *n* = 11) (Figure [1D](#F1){ref-type="fig"}). Together, these data indicate that early VT treatment might improve kidney function after renal transplantation.

![Vasculotide shows trends to improved kidney function and survival in an MHC-mismatched renal transplant model. C57Bl/6 donor mice received 500 ng VT or vehicle prior to surgery (-1 h). Balb/c recipients were injected with 500 ng VT *i.p*. or vehicle directly and on day 3 after kidney transplantation. A-C: Kidney function \[serum creatinine, urea and lactate dehydrogenase (LDH) levels\] was monitored on day 6, 14, 21 and 28 after transplantation in murine serum and analyzed with unpaired *t* test (day 6, *n* = 7-10); D: Kaplan-Meier survival after MHC-mismatch kidney transplantation (*n* = 11 per group). VT: Vasculotide.](WJT-6-573-g001){#F1}

Infiltration of inflammatory cells is diminished upon VT treatment
------------------------------------------------------------------

We next studied histological changes to investigate graft rejection and inflammation in transplanted kidneys. One can easily appreciate the glomerular as well as the interstitial inflammatory infiltrates in the vehicle-treated mice on day 28 after transplantation (Figure [2A](#F2){ref-type="fig"} and C, left side). In the lower left panel (Figure [2C](#F2){ref-type="fig"}, left side) almost no intact tubular structures are detectable anymore. VT treated mice exhibited a much weaker inflammatory burden both in the glomerulus as well as the interstitium (Figure [2](#F2){ref-type="fig"}, right side). These results were confirmed by a histological semi-quantification (Table [1](#T1){ref-type="table"}) regarding interstitial inflammation \[vehicle (*n* = 3): Median = 4.0 (25% quartile: 4.0%-75% quartile: 4.0) *vs* VT-treated (*n* = 5): 2.0 (2.0-2.0), *P* = 0.02 using Mann-Whitney test\] and glomerular injury \[vehicle (*n* = 3): 4.0 (3.0-4.0) *vs* VT-treated (*n* = 5): 2.0 (1.0-2.0), *P* = 0.04 using Mann-Whitney test\] (Figure [2B](#F2){ref-type="fig"} and D). These results suggest that two early doses of VT are sufficient to reduce infiltration of inflammatory cells into the graft thereby potentially preventing graft dysfunction and rejection.

###### 

Scoring system for semiquantification of periodic acid Schiff staining

  --------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Interstitial inflammation   0 = no interstitial inflammation, \< 5% of interstitium affected 1 = mild interstitial inflammation, 5%-25% of interstitium affected 2 = moderate interstitial inflammation, 25%-50% of interstitium affected 3 = severe interstitial inflammation, 50%-75% of interstitium affected 4 = very severe interstitial inflammation, \> 75% of interstitium affected
  Glomerular injury           0 = no glomerular injury 1 = mild glomerular injury, \< 10% of glomeruli damaged 2 = moderate glomerular injury, 10%-50% of glomeruli damaged 3 = severe glomerular injury, 50%-75% of glomeruli damaged 4 = very severe glomerular injury, \> 75% of glomeruli damaged
  --------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![Vasculotide-treated mice show less infiltration of inflammatory cells in the kidney. A: Exemplary PAS staining of kidneys from mice treated with vehicle or VT. Glomerular injury was evaluated on day 28 after transplantation; B: Semi-quantification of glomerular injury by surveying kidney cross-sections. Scoring was done as described above (see Table [1](#T1){ref-type="table"}) (vehicle *n* = 3; VT *n* = 5) (^a^*P* \< 0.05); C: PAS staining for peritubular injury in transplanted kidneys from mice treated with vehicle or VT; D: Semi-quantification of interstitial inflammation by surveying kidney cross-sections from transplanted mice (^a^*P* \< 0.05). Scoring was done as described above (Table [1](#T1){ref-type="table"}) (vehicle *n* = 3; VT *n* = 5). Semi-quantification was assessed using Mann-Whitney test. VT: Vasculotide; PAS: Periodic acid Schiff.](WJT-6-573-g002){#F2}

VT reduces vascular inflammation and tissue infiltration
--------------------------------------------------------

Keeping in mind the profound histological changes indicating that VT prevents infiltration of immune cells, we wanted to further analyze vascular inflammation and the infiltrative cell population. Therefore, we performed fluorescent immunohistochemistry for ICAM-1, for Gr-1 (a marker of granulocytes), as well as F4/80 (macrophages). Kidney cross-sections from VT-treated mice exhibit much less ICAM-1 expression than vehicle-treated mice (Figure [3A](#F3){ref-type="fig"}). Additionally, whole kidney homogenates also depicted less ICAM-1, as shown by immunoblotting (Figure [3D](#F3){ref-type="fig"}). Presumably as a consequence of less adhesion molecule expression we also noted a reduction of Gr-1 and F4/80 in the peritubular interstitium of VT-treated mice (Figure [3B](#F3){ref-type="fig"} and C). Together these data indicate that early VT regulates vascular adhesion molecule expression thereby reducing overwhelming tissue infiltration of inflammatory cells in the later post-transplant course.

![Vasculotide treatment reduces vascular inflammation and tissue infiltration in kidney transplantation. Fluorescent immunohistochemistry for (A) ICAM-1 (red), (B) Gr-1 (red) and (C) F4/80 (red) in kidney cross-sections of transplanted mice (vehicle or VT-treated) on day 28 after transplantation. Autofluorescence is shown in green. Images are exemplary for *n* = 5/condition; D: Immunoblot of murine kidney homogenate for ICAM-1 and GAPDH for the same conditions. VT: Vasculotide; ICAM-1: Intercellular adhesion molecule; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.](WJT-6-573-g003){#F3}

VT ameliorates fibrosis progression
-----------------------------------

Fibrosis as a consequence of acute or chronic inflammation is a key contributor to organ dysfunction. After kidney transplantation we observed an increased expression of αSMA, a broad marker of fibrosis (Figure [4A](#F4){ref-type="fig"} and B, left side). However, upon VT treatment tubular as well as glomerular damage were reduced with regard to αSMA expression (Figure [4A](#F4){ref-type="fig"} and B, right side). To further substantiate our finding, we visualized collagen fibers by Sirius red (Figure [4C](#F4){ref-type="fig"}) and observed profound differences between vehicle and VT-treated mice. VT appears to prevent inflammation-driven collagen formation. Pathological phosphorylation of SMAD3 a canonical downstream target of TGFβ signaling after transplantation was also reduced in mice treated with VT (Figure [4D](#F4){ref-type="fig"}). Taken together, VT might prevent the induction of TGFβ signaling and collagen formation leading to reduced fibrosis and organ dysfunction.

![Vasculotide ameliorates fibrogenesis. Fluorescent immunohistochemistry of α-smooth-muscle-actin (red) regarding (A) tubular and (B) glomerular injury in kidney cross-sections of transplanted mice (vehicle or VT-treated) on day 28 after transplantation. Autofluorescence is shown in green. Images are exemplary for *n* = 5/condition; C: Sirius red staining for the same conditions (D) Immunoblot of murine kidney homogenates for pSMAD3 in healthy (day 0) and kidney transplanted mice (day 28) upon vehicle or VT treatment. VT: Vasculotide; αSMA: α-smooth-muscle-actin; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.](WJT-6-573-g004){#F4}

VT does not prevent induction of inflammation on the transcriptional level
--------------------------------------------------------------------------

To further investigate the anti-inflammatory properties of VT in murine kidney transplantation, we analyzed different markers of inflammation (ICAM-1, VCAM-1, TGFβ, collagen-1, collagen-3 and fibronectin) on the transcriptional level. Notably, we detected a dramatic upregulation of these markers in vehicle- and VT-treated animals on day 28 after transplantation compared to explanted donor kidneys on day 0. Despite the differences on protein level demonstrating that VT-treatment indeed reduces inflammation in a murine renal transplant model, differences on the transcriptional are not present on day 28 after transplantation (Figure [5](#F5){ref-type="fig"} analyzed using Mann-Whitney test, *n* = 3-5).

![Anti-inflammatory properties of vasculotide are not regulated on the transcriptional level. A-F: Mice were treated with vehicle (*n* = 3) or VT (n = 5) and underwent kidney transplantation. Transplanted kidneys were harvested on day 28 after transplantation. Explanted donor kidneys from day 0 served as control (n = 3). Expression levels of Intercellular adhesion molecule (ICAM-1), Vascular cell adhesion protein 1 (VCAM-1), Transforming growth factor β (TGFβ), collagen-1, collagen-3 and fibronectin in kidney homogenates were determined *via* RT-qPCR and analyzed using Mann-Whitney test (^a^*P* \< 0.05). VT: Vasculotide.](WJT-6-573-g005){#F5}

DISCUSSION
==========

The endothelium plays an important role in maintaining organ function and homeostasis in health and disease. As part of the rejection process of solid organ transplants, the endothelium is characterized by a highly activated proinflammatory phenotype. In routine kidney transplant pathology this has nowadays been implicated in the grading of rejection by using a so-called C4d staining that does reflect complement activation in the endothelium\[[@B23]\]. We therefore hypothesized that pharmacological stabilization of the vasculature might be beneficial.

Our approach demonstrated that exogenous activation of the endothelium-stabilizing Tie2 receptor with the drug-like compound, termed VT, might prevent graft dysfunction and inflammation. Administration of VT showed trends toward improved organ function and survival in a renal transplant model. One beneficial effect of VT in kidney transplantation could be attributed to phosphorylation of the Tie2 receptor thereby activating the PI3K/Akt pathway and suppressing NFκB signaling. This assumed canonical mechanisms of action of VT resulted in reduced tissue infiltration of immune cells and expression of endothelial adhesion molecules. Furthermore, early VT administration was sufficient to ameliorate classical fibrogenic signaling (*e.g*., SMAD3/TGFβ) thereby reducing collagen formation and the development of fibrosis. Interestingly, we could not detect any transcriptional regulation of neither adhesion molecules nor inflammatory mediators. How VT regulates endothelial inflammation has to be thoroughly investigated in future projects.

Additionally, organ function in VT treated mice was slightly better at early time points exclusively. Due to the fact, that animals were treated at day 0 and 3 after transplantation, the beneficial effect of VT would be expected to decrease over time. Re-dosing could further ameliorate outcome after kidney transplantation. To investigate and improve the beneficial effects of VT in kidney transplantation, pharmacokinetics of this Tie2 agonist need to be further investigated. Most experimental data on VT that showed improved outcome are derived from acute short-term injury models, such as sepsis and influenza\[[@B19],[@B21]\]. These data confirm however that the endothelium indeed plays an important role in the pathogenesis of various medical conditions and that maintaining endothelial homeostasis early in the pathogenesis might provide protection. Some work on slow-progressing disease models, such as diabetes and tumor growth used extensive re-dosing of VT to maintain beneficial effects at the highest possible level\[[@B17],[@B24]\].

Due to the small number of animals that survived until day 28, we were not able to include more animals into our studies. Nevertheless, our VT-treated mice show a clear trend towards improvement after kidney transplantation indicating a potential type II error in our statistical analysis.

Another aspect that we did not investigate but that is - at least theoretically - of high relevance is the putative long-term effect of an early short-term VT treatment. It might very well be that an improved early graft function has relevant implications for long term graft performance, as our histological data at day 28 suggest and as it has been demonstrated for delayed graft function\[[@B25]\].

In summary, our study demonstrated that early VT treatment slightly improves graft function in an MHC-mismatched kidney transplant model potentially *via* regulation of endothelial activation and transmigration of harmful inflammatory cells into the transplant's interstitium. The Tie2 agonistic strategy might hold promise as a potential therapeutic in transplant medicine and future examination of long-term results are highly desirable.
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COMMENTS
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Background
----------

Early graft dysfunction as well as acute rejection after solid organ transplantation are characterized by a proinflammatory microvascular endothelium. The Angiopoietin/Tie2 system plays an important role in maintenance of baseline endothelial barrier function and its response to injury. Activation (*i.e*., phosphorylation) of the Tie2 receptor promotes endothelial homeostasis as well as anti-inflammatory properties. The authors therefore analyzed the potential of the Tie2 activating drug-like compound "vasculotide" (VT), as a novel therapeutic strategy in an MHC-mismatched renal transplant model.

Research frontiers
------------------

As long as the mystery of tolerance remains unsolved pharmacotherapy for transplanted patients is obligatory based on immunosuppressive regimens that come with a high burden of adverse events. Novel approaches aim to find therapeutic strategies that do not weaken the host or graft function. Here, the authors present a putative approach that promotes vascular stability/quiescence thereby preventing graft dysfunction and loss.

Innovations and breakthroughs
-----------------------------

Targeting the endothelium as a direct interface between self and non-self offers the opportunity to interfere with graft specifically at the site of rejection.

Applications
------------

The synthetic Tie2 agonist VT promotes vascular quiescence and improves graft function after allogenic solid organ transplantation. The potency of VT has recently been demonstrated in different models of vascular diseases underlining its potential therapeutic relevance. In the future, toxicity studies and first clinical trials are planned, specifically for the treatment of acute kidney injury.

Terminology
-----------

Angpt: Angiopoietin; αSMA: α-smooth muscle actin; EC: Endothelial cell; ICAM-1: Intercellular adhesion molecule; LDH: Lactate dehydrogenase; VT: Vasculotide.

Peer-review
-----------

This is an interesting study in which authors show that VT - a synthetic Tie2 agonist- may improved renal transplant outcome.
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